Field effect transistors based on a GaN/AlGaN system have shown remarkable performance characteristics in a wide range of device applications. However, due to the large effective mass of GaN, the mobility in the channel is small. In this work, we consider a GaN/AlGaN structure with a thin InN channel of the order of a few monolayers. We find that mobility in the channel can improve considerably while breakdown characteristics are not expected to suffer. Mobilities of Ӎ2500 cm 2 ͑V s͒ Ϫ1 are predicted along with high sheet charges for low interface disorder. Good agreement with experimental results is observed for higher degrees of disorder within the model. At higher electric fields, we find that most electron population transfers to higher valleys or other subbands that lie in AlGaN or GaN. We also compare the low-field mobility-charge product for this structure with the conventional AlGaN/GaN structure and find that the two values are similar.
I. INTRODUCTION
In electronic devices such as field effect transistors ͑FETs͒, there are regions ͑under device operating conditions͒ where electric fields are small ͑for instance, in the sourcegate region͒ and other regions where electric fields are very high ͑such as the gate-drain region͒. For optimum performance, one would need a high mobility ͑low effective mass and low band gap͒ material for low field regions and a high saturation velocity and high breakdown field material for the high field regions. In this article, we examine a GaN/AlGaN HFET with a very thin InN intermediate region ͑ϳ15 Å͒. The motivation for the study is the expectation that at low fields, the electron distribution will be in the InN region and at high fields, there will be essentially no overlap of the electronic state with the InN region. Thus we can expect high mobility and high saturation velocity without significant increase in breakdown. The use of the InN channel is motivated by recent reports [1] [2] [3] that InN has a smaller band gap than previously thought 4,5 ͑0.9 eV versus the previous 1.89 eV͒ and thus may have a very small effective mass. [6] [7] [8] There are currently no velocity-field calculations for a GaN/InN/ AlGaN composite structure. Previous work in design of high electron mobility transistors ͑HEMTs͒ has addressed this problem for bulk nitride semiconductors 9 or the problem of two-dimensional transport in GaN channels, with fairly high peak electron velocities. 10 Therefore it is not known if there are any benefits in using the newer structures. We report a comparative study on GaN/Al 0.37 Ga 0.63 N and GaN/InN/Al 0.37 Ga 0.63 N. Figure 1 is a schematic for one such structure. It employs a high band gap material ͑in the present work, Al 0.37 Ga 0.63 N) for the gate ͑G͒, which reduces the probability of tunneling, heavily doped drain ͑D͒ and source ͑S͒ regions which facilitate conduction from the two contacts. A low band gap material ͑in the present work, InN͒ is used in the channel region, while another high band gap material ͑in the present work, GaN͒ is used in the bulk region. Owing to piezoelectric effect and spontaneous polarization, [11] [12] [13] [14] a sheet charge of ϳ10 14 cm Ϫ2 can be induced at the heterostructure interface between the gate and the channel material. This forms the two-dimensional electron gas ͑2DEG͒ in this structure and supports conduction.
All materials in the structure are taken to be intentionally undoped. Previous studies 15 have indicated that even for impurity concentrations as high as 5ϫ10 17 cm Ϫ3 in a low band gap material like GaAs, the scattering rates are р10 11 s Ϫ1 . In our study, these scattering rates are lower than even the weakest scattering mechanism ͑see Fig. 2͒ . Experimental studies in nitrides grown by molecular beam epitaxy ͑MBE͒ also discard ionized impurity scattering in favor of alloy scattering and interface roughness scattering. 16 Hence we neglect ionized impurity scattering in our study.
II. FORMALISM
The simulation of the structure involves the selfconsistent solution of Poisson and Schrödinger equations in one dimension and subsequent use of the solution in a Monte Carlo simulation.
A. Charge control
Owing to piezoelectric effect and spontaneous polarization for AlGaN and InN grown on c-axis GaN, there is a large charge density induced at the interfaces of different materials. Using parameters 12 available in literature, we find that the fixed charges at the interfaces ͑for structures studied in this work, see Sec. III͒ are These values of fixed charges are used in the charge control calculation. The details of the charge control calculation have been dealt with extensively in the past. 13, 14 This essentially involves the solution of the Schrödinger ͓Eq. ͑1͔͒ and Poisson ͓Eq. ͑2͔͒ equations ͑in one-dimensional͒ selfconsistently to obtain the potential profile, carrier wave functions, and energy levels.
The Schrödinger equation yields the confined charge terms in the Poisson equation, which in turn determines the potential profile. This potential profile is fed back into the Schrödinger equation and this process is repeated until the solution of the Poisson equation goes to convergence.
The resultant wave functions from the solution of Eqs. ͑1͒ and ͑2͒ are then used to calculate overlap integrals, I mn , which are used in the calculation of the intersubband matrix elements ͓Eq. ͑4͔͒.
͑3͒
It must be noted that the above wave functions are normalized over the entire device.
B. Monte Carlo simulation
Transport properties are calculated by the usual Monte Carlo method. 10, 15, 17, 18 This involves simulation of the motion of a single electron over a long period of time ͑to obtain carrier velocities͒ or simulation of many carriers over a short period of time to obtain the distribution of velocities. This Monte Carlo process models the dominant scattering mechanisms at 300 K-acoustic and polar optical phonon emission and absorption, interface roughness and alloy scattering, in- Steps ͑3͒-͑5͒ are repeated until the end of the simulation. For the purpose of the simulation, we follow the motion of one electron, for a long period of time ͑in the present case, 16 ns͒. This long period of simulation is chosen to ensure that the velocity at the end of the simulation is a steady state velocity ͑corresponding to saturation͒, uniquely corresponding to the electric field in the channel. The resultant curve is used to deduce the low field drift mobility, l . The advantage of using this method is readily apparent-one can obtain a very fine level of detail about electron transport. The parameters 8 used in the Monte Carlo process are summarized in Table I .
According to first order perturbation theory, the scattering rate per unit time into any final state is given by the Fermi golden rule, 19, 20 M mk ϭ͗k͉H pert ͉m͘, ͑4͒
where H pert is the perturbation Hamiltonian for the interaction, and k is the index over all final states. The details of calculation in quasi-two-dimensional systems are slightly different from what Eq. ͑5͒ would suggest. 15 The matrix element used in Eq. ͑5͒ is calculated by integrating an overlap integral term ͓either similar to Eq. ͑3͒ or similar to it͔ with the three-dimensional matrix element. In particular, for phonon scattering, we have
where Q and q are components of phonon wave vectors parallel and perpendicular to the heterointerface, respectively. We have also included the effect of interface roughness scattering ͑see Appendix A for details͒. Though prior studies exist for this scattering mechanism, 21 they do not include the details of energy quantization explicitly. It is customary to use an energy independent expression for alloy scattering. 8, 22 However, we use an energy dependent expression ͑see Appendix B͒ for completeness. The geometry used in these calculations is shown in Fig. 3 .
C. Material parameters
The values of different material constants have been taken from currently available literature. 12, [23] [24] [25] [26] [27] There is considerable uncertainty about values of nonparabolicity of upper valleys in the conduction band of wurtzite nitrides. 28 We use values of nonparabolicities obtained from a first principles calculation. 29 The relation of effective mass of an electron in a semiconductor to the band gap is described quite accurately by the k"p formalism:
where ⌬ is the separation between the heavy-hole and splitoff bands.
The fundamental band gap of InN was long thought of being around 1.89 eV. 4, 5 However, recent work indicates that the actual band gap of InN is much smaller, about 0.9 eV. [1] [2] [3] Using parameters in literature, 30 we obtain a newer value of the effective mass (Ϸ0.05m 0 ). These values are then used in our calculations.
D. Parameter averaging
It must be noted that in the Monte Carlo approach, the electron is treated as a point particle along the channel plane, but in the growth direction ͑z direction͒, it is represented by an envelope function, calculated earlier in Sec. II A. The envelope function for the ground state is localized very close to GaN/AlGaN or InN/AlGaN interfaces ͑as the case may be͒. For higher subbands, it is spread into the GaN or AlGaN region. To calculate the scattering rates for a state that overlaps several different regions, we need to use a reasonable averaging procedure. We average any given material parameter over the number of layers, N, located at z i , iϭ1,...,N. Thus each subband has its own value of the relevant parameter. We take the following definition for the subband dependent value of a material parameter, G j , since the wave functions are normalized over the entire device,
is used for all parameters, except effective masses, which are averaged harmonically,
In Eqs. ͑8͒ and ͑9͒, the value of G i and m i * on the right-hand side is the material value in each layer. These space-averaged subband dependent parameters are then used in all the calculations in the simulation.
III. RESULTS
Simulations were carried out for the following structures:
GaN/Al 0.37 Ga 0.63 N ͑80 Å͒ and GaN/InN (15 Å)/Al 0.37 Ga 0.63 N (80 Å).
The reason for the choice of layer thicknesses as above is explained in Sec. III A. Further, the scattering rates corresponding to phonon scattering, considered in this study, were calculated at 300 K. The results of that calculation are shown in Fig. 5 . In all the simulations, the interface roughness parameter y was chosen to be 0.5 ͑i.e., half of the interface between two materials is perturbed ͓see Fig. 2͑a͔͒͒ .
A. Charge distribution
In Fig. 4 we present results for the charge control study of the structure: GaN/InN/Al 0.37 Ga 0.63 N ͑80 Å͒. It may be noted that the charge induced in the channel region ͑InN͒ layer increases as the thickness of the channel layer is increased. This is due to better confinement of the ground state wave function in the lower band gap material. However, there is an additional constraint-the overall strain energy of the structure. Experimentally, 31 it has been found that growth of pure InN layers of thickness as high as 10-20 Å is possible. However, structures with lower thicknesses like 7 Å suffer from the problem of large scale penetration of the ground state wave function into the barrier region. That defeats the very purpose of a high mobility design. This penetration into the barrier region is reduced substantially, while being conservative about the layer thickness, if we take the thickness as 15 Å. We have adopted this thickness for our calculations.
B. Parallel transport calculation
In the three structures simulated, we find ͑1͒ GaN/Al 0.37 Ga 0.63 N (80 Å). This case is included to facilitate comparison with the current generation of HEMTs. In Fig. 5 , we present the low and high field velocity-field relationships for this structure, for Lϭ5 Å and ⌬ϭ5 Å ͑in- terface roughness parameters, see Appendix A͒ and Rϭ5 Å ͑alloy scattering parameter, see Appendix B͒. Low field mobility turns out to be 1490 cm 2 ͑V s͒ Ϫ1 . This value is reasonable if one considers values reported in literature for barrier layers with lower Al content. 32 The results for GaN channels are similar to the values calculated previously. 10 An important point to note is that the peak velocity is achieved at rather high fields. Due to the large carrier mass ͑and high density of states͒, a very large field is required to bring the carriers to high velocities. It may be noted that for GaAs, the peak velocity occurs at ϳ3.5 kV/cm. ͑2͒ GaN/InN (15 Å)/Al 0.37 Ga 0.63 N (80 Å). We present velocity field relations for this case in Fig. 6 for Lϭ5 Å, ⌬ϭ5 Å, and Rϭ5 Å. Low field mobility is about 2500 cm 2 
͑V s͒
Ϫ1 . This is much higher than the corresponding figure in a conventional GaN/AlGaN HEMT, with the same barrier thickness and Al composition. This higher mobility arises largely from the confinement of the ground state wave function in the InN channel region. Further, the peak velocity, v pk is also higher than the corresponding value in the first case.
Early work in the field 33 suggests a very high value of mobility in InN ͓у10 3 cm 2 /(V s)͔. This value is close to the value obtained with interface roughness of Lϭ5 Å and ⌬ ϭ5 Å. However, it must be understood that this simulation takes two interfaces into account: GaN/InN and InN/Al 0.37 Ga 0.63 N. Thus it is probable that the interface scattering rate is higher than it would be for a single interface with equivalent roughness, especially due to stronger overlap of the wave function with the interface roughness, owing to strong carrier confinement. Recent experimental studies indicate that the measured Hall mobility in InN grown on sapphire 34 is quite low ͓ϳ300 cm 2 ͑V s͒ Ϫ1 ͔. If we use a higher value of island length (Lϭ70 Å) as in Fig. 7 , we get a value of Ӎ307 cm 2 ͑V s͒ Ϫ1 . The dominant scattering mechanism is polar optical phonon scattering ͑see Fig. 2͒ . Taking the Hall factor into account, 35, 36 we get a predicted Hall mobility of Ӎ339 cm 2 ͑V s͒
Ϫ1
. This is in excellent agreement with the above experimental result.
Other studies 37 report an even lower value of mobility ͓ϳ100 cm 2 ͑V s͒ Ϫ1 ͔. This could be attributed to the poor quality of the interface ͑indicating a high value of L and ⌬ in our model͒. A recent report of fairly high mobility 38 for a much thicker structure ͑InN thickness ϳ100-800 Å͒ is probably due to a lower overlap of the carrier wave function with the interface roughness. No experimental studies for the exact structure being proposed here exist yet. It is worthwhile at this point to consider the possibility of breakdown in the low band gap material, InN. In Fig. 8 we show the probability density functions ͑PDFs͒ for the two subbands in the ⌫ valley. As can be seen, the ground state wave function, which lies predominantly in the channel region ͑from 80 to 95 Å, an extent of ϳ15 Å͒, is highly localized. That implies that an overlap between this wave function and the wave function of a high energy breakdown initiating state ͓highly delocalized, as in Fig. 1͔ , would be exceedingly small. According to the discussion in Sec. II B, this implies a very small scattering rate between the two states.
This would reduce the probability of confined state breakdown. However, the standard conduction to valence band breakdown would also be suppressed as the final states in that case are delocalized three-dimensional states. Due to the very small overlap, our conclusions on breakdown in the GaN/InN channel are:
͑a͒ The threshold energy for breakdown is small ͑ϳ0.9
eV͒. ͑b͒ However, due to the very small overlap of the high energy state and the band edge state, the breakdown rates are suppressed by a factor of 100. As a result, the breakdown rates are ϳ10 11 s Ϫ1 and reach values of ϳ10 13 s Ϫ1 only when electron energies reach GaN band gap energies.
As will be seen later in this section, the transit time of the carrier across the channel is reduced in structures incorporating InN. That means that for the small residual electron population that might be found in the ground state at high electric fields, the probability of its quick removal from the region is also enhanced, thereby reducing the chance of scattering into a breakdown state even further.
It can be seen from Fig. 9 that most of the electron occupation is associated with the ground state wave function, over a fairly wide range of electric fields. This implies that transport properties are dominated by electrons in the ground state from low fields to moderately high fields. It also may be noted that the electric field at which the occupation fraction in the ground state starts decaying in Fig. 9 also corresponds to the electric field at which electron velocity begins to exhibit a decrease ͑in Fig. 6͒ .
From the results above, it is easy to discern a trend in the electric field at peak velocity, E pk . Not only is the velocity of the carrier higher for the structures incorporating InN, the peak also occurs at lower electric fields ͑for comparable values of interface roughness parameters͒. This means that the carrier would exhibit a peak velocity at much lower electric fields, thereby reducing the transit time across the channel.
To summarize, we present the results of the calculation in Table II . It may be noted that the simulated electron mobilities are the highest for the second structure, GaN/InN (15 Å)/Al 0.37 Ga 0.63 N (80 Å), with Lϭ5 Å, ⌬ ϭ5 Å, and Rϭ5 Å. It is also worth noting that the mobilitycharge product, which quantifies the current carrying capa- bility of the device, is not too adversely affected by the introduction of the InN layer ͑see Table II͒ .
IV. CONCLUSIONS
In this work we have presented two sets of results, one for GaN/AlGaN and a set for different values of interface roughness parameters in GaN/InN/AlGaN. The latter structure has been designed with the twin constraints of strain energy and available charge, for electron population redistribution at high fields. The effect of such wave function switching is manifest-the high mobility capability of the InN channel is exploited at relatively low electric fields, while high breakdown capability of the AlGaN and GaN layers is utilized at relatively high electric fields. The probability of a breakdown occurring in the low band gap channel region is reduced by the combined effects of low degree of overlap between the bound states in the channel and the breakdown delocalized states, and the fast transit times of the carriers in the channel at lower electric fields.
As growth technology matures, it is possible in principle to incorporate even thicker layers of InN, which would increase the amount of charge in the 2DEG ͑see Fig. 3͒ . This would increase the mobility-charge product ͑see Table II͒ . One of the immediately apparent advantages of this scheme is that the electric field at peak velocity, E pk , can be tailored by varying the thickness of the channel region, quality of the interface, as well as the material ͑for instance, using In x Ga 1Ϫx N instead of pure InN͒. Thus from a device designer's standpoint, this structure is capable of more flexibility.
Recent work 39 on In x Ga 1Ϫx N/GaN quantum wells indicate that it is possible to grow extremely smooth surfaces for xϾ0.3. Future work would involve an investigation of the effect of using In x Ga 1Ϫx N layers in the channel region ͑with xϽ1) to make the use of thicker channel regions possible.
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APPENDIX A: INTERFACE ROUGHNESS SCATTERING
Though prior calculations exist in literature for this mechanism, 21 we repeat the calculation since we consider bandwise averaging of material parameters ͑see Sec. II D͒ in the 2DEG system. Consider the situation in Fig. 3͑a͒ . We model interface roughness as a disturbance in the potential at the interface of two materials, thereby forming islands. The parameter y quantifies the spacing of these islands. We define the overlap integral between two envelope states as
͑A1͒
The functions above are normalized envelope functions in single dimension. Total wave function is
where A is an arbitrary normalization area. The Hamiltonian for the interaction can be written as
where U 0 is the potential difference that the electrons experience between one island and the other. At this stage of the calculation, L stands for a general length of the island, not the length L indicated in Fig. 2 . The matrix element of the interaction can be written as
͑A3͒
where q i j ϭ͉kЈϪk͉. The reason for the extra subscripts on U 0 and L is that they are averaged over each of the subbands ͑see Sec. II D͒. This is necessary because the spatial variation of each subband is unique. The scattering rate between states ͉i,k͘ and ͉ j,kЈ͘ can be written as 
This can be simplified using the definition, k i j ϵͱ2m⌬E i j /ប 2 . Using the properties of the Dirac delta function, we get
The total scattering rate is given by splitting up the volume integral into an areal integral and a discrete sum in the confinement direction, over subbands.
Using Eq. ͑A4͒, we get
This expression is quite complicated in general, but can be simplified considerably if we neglect all intersubband transitions ͑i.e., consider the scattering to be completely elastic͒. Thus k i j ϵ0, q j j 2 ϵ4k j 2 sin 2 /2, and we can write
The scattering rate from one island of length yL i is
The corresponding scattering rate from the island of length (1Ϫy)L i is 
APPENDIX B: ALLOY SCATTERING
We divide the volume of the alloy into separate scattering layers, each consisting of an array of scattering centers. Each scattering center has the shape indicated in Fig. 3͑b͒ . The choice of this hard cylinder model, instead of the more usual hard sphere model, is suggested by the underlying geometry of the decomposition. Electron states are quantized in one spatial direction while maintaining their free particle nature in the other directions. That breaks the directional degeneracy found in more conventional treatments of the problem. The overlap integral at each scattering center ͑positioned at z 0 ) can be written as As might be expected, the calculation of scattering rate from one scattering layer proceeds with steps identical to those discussed in Appendix A. Ignoring intersubband scattering as before, we get,
This is the scattering rate from one island. In each such layer, there are 4A(1Ϫx)/R 2 atoms of type I and 4Ax/R 2 atoms of type II. Summing these ͑along with the correct potential in each case͒, we get the total scattering rate from one scattering layer as
To find the total scattering rate, we need to sum over all the layers. There are L al /R such layers (L al is the thickness of the alloy layer͒. Thus At first sight, it might appear that the above sum adduces a geometrical structure composed of cylindrical columns that run through the material, instead of an uncorrelated pattern of scattering centers. However, the averaging in each layer consisted of randomly placed scattering centers. Thus there would be no such columns and the alloy would be random, as it ought to be, by definition.
